Escherichia coli deficient in exonuclease III (xth gene mutants) are known to be hypersensitive to hydrogen peroxide. We now show that such mutants accumulate many more DNA single-strand breaks than do wild-type bacteria upon exposure to H202.
upon exposure to H202. DNA isolated from H202-treated xthcells contains strand breaks that do not efficiently support synthesis by E. coli DNA polymerase I, indicating the presence of blocking groups at the DNA 3' termini. Purified E. coli exonuclease Ill activates this blocked DNA to allow substantial synthesis by polymerase I in vitro. Another E. coli enzyme, endonuclease IV, also activates primers for DNA polymerase.
Exonuclease Im accounts for >95% of the total activity in E.
coli crude extracts for removal of 3'-terminal phosphoglycolaldehyde esters from model DNA substrates. Purified exonuclease III and endonuclease IV can each efficiently remove 3'-terminal phosphoglycolaldehyde in vitro. An important physiological function for exonuclease III is thus the activation of blocked 3' ends for DNA repair synthesis. Endonuclease IV can also iinitiate the repair of ruptured 3'-deoxyribose in DNA.
Treatments that generate oxygen free radicals are toxic and mutagenic to cells. Agents that produce radicals include hydrogen peroxide (1, 2) , some fungal antibiotics such as bleomycin (3) and neocarzinostatin (4) , and ionizing radiation (1, 5) . The target for the lethal and mutagenic attack by oxygen radicals is thought to be cellular DNA. X-rays and y-rays produce a large number of different damages in DNA (5) , some of which are also formed by chemical oxidants. For example, both H202 and y-rays form relatively large numbers ofDNA strand breaks (1, 5) . The breaks produced by ionizing radiation do not provide substrates in vitro for Escherichia coli DNA polymerase I or DNA ligase (6, 7) , and so apparently contain blocked 3' termini. The breaks produced by H202 have not been examined previously for this property. We show here that H202-induced DNA breaks also contain blocked 3' termini that require exonuclease III for their repair.
A number of mutants ofE. coli have been identified that are abnormally sensitive to the toxic effects of hydrogen peroxide. Among the most sensitive strains are those bearing mutations in the xth gene that encodes DNA exonuclease III (8) . Additionally, mutations at the polA (DNA polymerase I; ref. 9) or recA (8, 9) loci confer hypersensitivity to H202. Increased bacterial resistance to H202 or t-rays can be induced in the absence of xth or recA functions by pretreatment with low levels of H202 (10) .
A biochemical basis for the sensitivity of the mutants bearing a mutation in the xth gene (xth mutants) to hydrogen peroxide was suggested by the known properties of exonuclease III (8) . The enzyme comprises 90% of the cellular endonuclease activity against base-free apurinic/ apyrimidinic (AP) sites (11) . Exonuclease III can remove different moieties from 3' termini in duplex DNA. These include whole nucleotides and 3' phosphates (12), deoxyribose 5-phosphate (13) , as well as the phosphoglycolate esters formed by y-rays in vitro (14) . We now find that xth mutants accumulate abnormally large numbers of unrepaired singlestrand breaks in their chromosomes upon exposure to hydrogen peroxide. These breaks bear 3' termini that are refractive in vitro to DNA polymerase, but which can be activated by purified exonuclease III. Consistent with this observation, extracts of xth mutants contain greatly diminished levels of activity against 3'-terminal damages. The residual 3'-specific activity in xth mutants apparently includes the AP endonuclease IV (15 
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DNA Synthesis. Bacteria for DNA extraction were grown in supplemented M9 medium to -3 x 108 cells per ml, and, where indicated, were challenged with 25 mM H202 for 30 min and then with an additional 25 mM H202 for 60 min at 37°C. Catalase (45 units/ml) was added, the cells were collected by centrifugation, and DNA was purified through the polyethylene glycol precipitation step as described by Wang and Becherer (22) to yield samples containing about 0.1 mg/ml (Axth) or 0.15 mg/ml (xth+) DNA. For in vitro DNA synthesis, aliquots of the DNA samples were diluted at least 10-fold into primary buffer (50 mM Hepes-KOH, pH 7.6/5 mM 2-mercaptoethanol/50 mg of bovine serum albumin per liter). Enzymes (diluted in primary buffer where indicated) and the necessary reaction requirements (10 mM MgCl2 for exonuclease III or polynucleotide kinase and 1 mM EDTA for endonuclease IV) were added, and the mixtures were incubated for 30 min at 37°C, followed by 3 min at 70°C. For DNA polymerase, 10 mM MgCl2 was added where necessary, along with 80-100 ,uM of each unlabeled dNTP, 10- the result of lowered scavenging of H202 (8) . The accumulation of strand breaks in the chromosomes of exonuclease III-deficient E. coli therefore derives from the absence of a critical DNA repair reaction.
Blocked 3' Termini in DNA from H202-Treated xth Mutants. We hypothesized that exonuclease III might be needed in vivo to restore normal 3' hydroxyl termini for subsequent DNA synthesis and ligation. This idea was tested by extracting DNA from mutant and wild-type bacteria exposed to peroxide. A plasmid (pKK175-6; ref. 23 ) was present in the strains to provide a direct means of monitoring the presence of DNA strand breaks. Partially purified DNA preparations from unchallenged xth' or Axth cells contained plasmid molecules that were predominantly superhelical (Fig. 1 Left) . After a severe challenge with H202, the plasmid DNA was present largely as the nicked form in both strains (Fig. 1 Left) . In the wild-type cells, there was some evidence that the plasmid molecules were undergoing repair, since closed circular topoisomers could be observed (Fig. 1 Left) . Such forms were not observed in the DNA from the peroxidetreated Axth mutant, in which nicked plasmid molecules were present exclusively. In neither strain was significant linear plasmid DNA observed, indicating that few, if any, doublestrand breaks were caused by the peroxide treatment.
These DNA preparations were tested for their ability to support DNA synthesis by E. coli DNA polymerase I. The possible presence of blocked 3' termini was assessed by treating the DNA samples with purified exonuclease III prior to the polymerase incubations. The products of such twostage reactions were subjected to agarose gel electrophoresis and autoradiography (Fig. 1 Right) . Such an analysis revealed that dNMPs were being incorporated into the nicked circular plasmid molecules and into the chromosomal DNAs present in the samples, but not into the closed circular molecules. Low-level incorporation into linear DNA, produced during the polymerase incubations, was also observed. Most importantly, treatment with exonuclease III strongly stimulated the incorporation into all of the nicked DNA forms present in the sample from peroxide-challenged Xth-cells but was without effect on the other samples. This effect was paralleled in the chromosomal DNA: exonuclease III stimulated synthesis only with the DNA from the H202-treated Axth mutant (Fig.  1 Right) .
The activation of DNA synthesis primers was analyzed quantitatively by measuring the total labeled nucleotide incorporation (Fig. 2) . A low level of synthesis was observed with the DNA from unchallenged cells, and this was increased 10-fold (xth') or 3-fold (Aixth) when the bacteria had been treated with H202 (Fig. 2) . As seen above, exonuclease III had no detectable effect on the action of DNA polymerase on the samples from wild-type cells, regardless of their exposure to H202, nor on the DNA from the unchallenged Axth mutant. In striking contrast, exonuclease III stimulated the initial rate of DNA synthesis more than 6-fold in the DNA Proc. Natl. Acad from the H202-challenged Axth mutant (Fig. 2) . This stimulation was consistently at least 3-fold (Table 2) . Thus, exonuclease III appears to liberate blocking groups from the 3' primer termini at the nicks that accumulate in Xthbacteria and so allows DNA synthesis.
Another E. coli enzyme that removes 3'-terminal damages is endonuclease IV (15) . This enzyme, which does not require divalent metals, can release 3' deoxyribose 5-phosphate residues (13) , and it was of interest to determine whether it could act on H202-damaged termini. In our experiments, highly purified endonuclease IV strongly activated DNA polymerase I on the DNA from H202-challenged Axth bacteria (Table 2) , indicating again the presence of 3'-terminal damages in this DNA. Endonuclease IV was without effect on the polymerase activity observed with DNA from H202-treated wild-type bacteria (data not shown).
The possible presence of simple 3' those produced by oxidative mutagens. Such termini bear fragments of deoxyribose shattered by a free-radical attackeither 3'-phosphates or 3'-phosphoglycolate esters (3, 14) 300 -A 300 A PGA E 0.
200-E CU 0 *.100 that are substrates for purified exonuclease III (12, 14) . Ionizing radiation forms a large number of different DNA damages (5) . To circumvent this complication, we developed DNA substrates that bear fragmented deoxyribose (in the form of PGA) at their 3' termini and have used these substrates to examine repair activities in cell-free extracts. Most ofthe enzyme activity in E. coli responsible for clearing blocked 3' termini is accounted for by exonuclease III, while additional activities are present at lower levels. In crude extracts, =95% of the activity against 3'-deoxyribose is absent from xth mutants (data not shown). For the substrate bearing 3'-PGA esters, >95% of the cellular activity is also dependent on a functional xth gene. The xth-dependent and -independent activities remove the same products from this artificial substrate, as determined by paper chromatography (Fig. 3A) . A significant fraction ofthe 3 -4% residual activity against 3'-PGA that is present in xth mutants is independent of divalent metals (data not shown) and may be endonuclease IV.
Activities of Purified Enzymes. Exonuclease III at low concentrations was very active against 3' termini bearing PGA esters (Fig. 3B) . Endonuclease IV, in the absence of Mg2+ and in the presence of EDTA, also efficiently hydrolyzed 3'-PGA (Fig. 3B ) from the substrate used here. Our (27) . Activities against 3'-PGA that are distinct from exonuclease III are present in E. coli, a significant fraction showing the properties expected of endonuclease IV. Consistent with this observation, purified endonuclease IV can excise PGA and phosphomonoesters from DNA 3' termini.
It has been proposed that exonuclease III repairs H202 damage by attacking radical-induced urea residues in DNA (28) . We see little indication that such incisions generate primers for DNA polymerase I in the DNA from H202-damaged Xth-bacteria. The gel electrophoresis patterns of the cellular DNA samples were not markedly changed by exonuclease III treatment (data not shown), indicating the production of few additional DNA nicks. Exonuclease IIIdeficient E. coli also exhibit an excess rather than a deficiency of DNA nicks after peroxide treatment, and so do not appear to lack a significant DNA endonuclease activity. These same observations argue against activation of DNA synthesis by cleavage at AP sites in the H202-damaged DNA. Moreover, previous work indicates that H202 does not form significant numbers of AP sites in DNA (2, 28) .
Radicals that fragment deoxyribose to leave 3'-phosphates or phosphoglycolate esters can arise in a number of ways. Activated oxygen species are generated during normal aerobic metabolism (29) and are mutagenic in E. coli in the absence of superoxide dismutase (30) . Exposure to ionizing radiation causes oxidative damages (1, 5) . Environmental and dietary compounds may also give rise to free radicals that damage DNA (31) . An important defense against such damages is supplied by enzymes that rectify radical-induced strand breaks by acting at the termini. In support of this hypothesis, mutation of the endonuclease IV gene sensitizes E. coli xth mutants to H202 and to y-rays (B. Weiss, personal communication). Endonuclease IV can also act on a class of neocarzinostatin-induced deoxyribose damage that is refractory to exonuclease III (4). We have identified activities that remove 3'-terminal damages in yeast (unpublished data) and cultured human cells (unpublished data). Therefore, such enzymes appear widespread, at least in aerobic organisms, and their presence underscores the universal importance of the efficient repair of shattered DNA ends.
The possible physiological consequences of the lack of 3' repair in E. coli xth mutants have not been fully explored. These bacteria in aerobic minimal medium grow slightly more slowly and enter stationary phase at a lower density than do their wild-type parents (unpublished data). It would be of interest to determine whether these phenomena are related as consequences of "normal" aerobic DNA damage. Note Added in Proof. Highly purified chromosomal DNA prepared from H 202-treated BW9091 shows DNA synthesis that is stimulated 5-to 10-fold by exonuclease III or endonuclease IV. No new 5' termini (and apparently no new DNA nicks) are formed by the
